Abstract -Temperature dependences of electrical conductivity
Introduction
Superionic conductors constitute a special class of substances that has recently attracted close attention of many researchers. Unusual properties of these sub stances are interesting for both solving fundamental problems of physics of condensed matter and physical chemistry and applications (Parfen'eva et al., 2003; Gurevich, 1982) . An important feature of the superionic conductors is their anomalously high ionic conductivity, the order of magnitude of which is close to that typical of melts and concentrated solutions of strong electrolytic conductors. Consequently superionic conductors can be considered as substances with hybrid properties: the conductivity of a liquid melt or solution and the mechanical strength of a solid. Crystals with structural disorder hereinafter referred to as superionic crystals, can be found in two radically different phases: at temperatures below a critical temperature, they behave similarly to ordinary ionic crystals (dielectric phase); at temperatures above a critical temperature, they transfer to a special, superionic state (electrolytic phase).
The TlGaTe2 semiconductor compound crystallizes in the tetragonal space group and features a one-dimensional (1D) rodlike structure. The electrical properties of the TlGaTe2 compound were studied in Guseynov et al. (1967) and Guseynov et al (1970) . The calculations of the energy band structure of TlGaTe2 showed that the top of the valence band is located at the high symmetry point T at the surface of the Brillouin zone, while the bottom of the conduction band is located at the line D (Godzhaev et al., 2004) . The band gap obtained from performed calculations was found to be equal to 0.86 eV.
In Aldzhanov et al. (1985) and Aliev et al. (1987) it is reported about the second-order phase transition at a temperature of 98.5 K. Hanias (1993) studying detected the current-voltage (I-V) characteristics of a TlGaTe2 crystal, detected the effect of negative differential resistance and voltage oscillations in the region of negative differential resistance.
In this paper, we report experimental results on the dielectric and electrical properties of the TlGaTe2 compound at temperatures above 300 K. Our choice was determined by the suggestion that due to its crystalline structure TlGaTe2 compound could be considered as promising materials with superionic conductivity. The presence of a pseudogap in the density of states and the existence of ultimately anisotropic (1D) and rodlike structure in the crystals of this class make it possible to expect specific features in electrical conductivity; these features are related to the low-dimensional type of the structure. Within the presented work we also studied the specific features of anisotropy of electrical conductivity in the TlGaTe2 crystals (both in the linear and nonlinear regions of the I-V characteristics) and relation of this anisotropy to both the structural features of the crystal and radiation defects. We intended to analyze the conductivity of the crystal in terms of the Mott and Pool-Frenkel models (Mott, 1979 and Frenkel, 1975) .
Experimental Results and Discussions

1. Experimental Setup
The samples of the TlGaTe2 compound were synthesized by fusing the starting components (with purity no lower than 99.99%) in evacuated quartz cells; the corresponding single crystals were grown by the modified Bridgman method. Stoichiometry of the obtained compound, the single phase characteristic, and homogeneity was controlled by the X-ray diffraction analysis and derivatographic analysis. The samples freshly cleaved along the crystallographic axis c were prepared in a form of rectangles with a thickness of about 5 mm. The indium contacts were formed on the surface of the cleavage of the samples; the ohmic behaviour of these contacts was checked before each measurement.
To measure temperature dependences of permittivity and electrical conductivity of the TlGaTe2 crystals, we fabricated capacitors with plates of the materials under study, which served as a dielectric. Capacitor plates were made by deposition of silver conducting paste on the plate's surface. Permittivity and electrical conductivity were investigated with an E7-20 digital immitance meter (Web-1) at a frequency of 1 MHz in the temperature range 100-450 K. The amplitude of a measuring field did not exceed 1 V/cm.
The samples have been studied for the first time by THz time-domain spectroscopy (Duvillaret et al., 1996) , which permits recording the entire THz spectral response (0.1-3 THz) in a single measurement. Our classical setup has been modified to focus most of the THz beam onto a small sample, whose sizes are typically on the order 10-20 mm 2 .
Superionic Conductivity
The temperature dependences of electrical conductivity of the TlGaTe2 compound measured along the tetragonal axis, σ||(T), and perpendicular to it, σ⊥(T), are shown in Figs. 1a and 1b, respectively. It can be seen from the insert in Fig. 1a that the experimental points of the ln(σT) dependence fit well the straight line described, in the case of ionic conductivity, by the formula (Lidyard, 1957; Parfen'eva et al., 2004) ,
where ΔHa is the enthalpy of electrical conductivity
. Similar results were obtained from the measurements of electrical conductivity along the c axis (Fig. 1b) ; in this case, the activation energy was eV H a 11 . 0    . One has to note that such a character of electrical conductivity indicates dominance of ionic conductivity above the critical temperature. The observed stepwise variation in electrical conductivity in the TlGaTe2 crystals at a temperature of 305 K can be explained by the sharp change in a number of ions in the states where the ions are highly mobile.
The semiconductor TlGaTe2 crystals belong to the class of compounds of the group that crystallize in the tetragonal 18 4h D space group. A characteristic feature of the TlGaTe2 crystals is that they represent Ga-Te chains extended along the tetragonal c axis of the crystal. Monovalent Tl + atoms are in the octahedral surrounding of Te atoms. From electrochemical considerations, one may suggest that the structure of TlGaTe2 favours mobility of Tl + cations the most. Here the favourable factors are the presence of vast cavities connected with one another through common conductivity windows and the principle possibility of deficit of monovalent thallium atoms. This deficit can substantially enhance ionic conductivity (Fig. 2) . The growth of σ(T) with temperature is caused mainly by diffusion of Tl + ions through vacancies in the thallium sublattice of the TlGaTe2 crystal. This change results from the phase transition accompanied with disordering (melting) of the Tl sublattice of the TlGaTe2 crystal. Such a pattern of conductivity is typical of superionic conductors (Parfen'eva et al., 2003; Gurevich, 1982) .
Fig. 1. Temperature dependence of electrical conductivity σ(T) of the TlGaTe2 crystals (a) along the tetragonal axis and (b) perpendicular to it
As it is known (Lidyard, 1957; Parfen'eva et al., 2004) , in superionic conductors with increasing temperature, in addition to exponential growth of electrical conductivity, the exponential growth of permittivity ε is observed, which can attain rather large values at high temperatures.
Let us consider the obtained temperature dependences of permittivity measured in two experimental geometries, ε||(T) (Fig. 3a) and ε⊥(T) (Fig. 3b) . In both directions, the exponential growth of the temperature dependence of permittivity is observed,
Such a behaviour of ε(T) is apparently related to the fact that the ionic conductivity is accomplished most easily in the imperfect Tl + sublattice in TlGaTe2, i.e., along the both crystallographic directions, along the tetragonal c axis and perpendicular to it. Based on the above shown crystallochemical analysis we can claim that in TlGaTe2 crystal, such charges can be Tl + cations. Relaxors in TlGaTe2 crystals during the transition to the superionic state can be Tl + dipoles of the chains that arise due to melting of the thallium sublattice and hops of Tl + ions from one localized state to another.
Fig. 2. Structure of the TlGaTe2 crystal
The theory of the electric-field-induced phase transition to the state of superionic conductivity (Kharkats, 1981) is based on the concepts of a substantial role of the interaction between Frenkel defects in a crystal and of the effect of an electric field on the energy of defect formation. Thus, the above analysis shows that, applying an electric field with a certain critical value to TlGaTe2 crystal, one can obtain stepwise disordering of the cation sublattice leading to an increase in concentration of the interstitial cations over the entire crystal volume. Our investigations of the TlGaTe2 compound allow us to conclude that the high-conductivity state of the crystal can be obtained by electric-field-induced "melting" of the cation Tl + sublattice without heating the crystal.
The behaviour of the system implies that the state of superionic conductivity is attainable in crystals that cannot be transferred to the high-conductivity state only by heating. In study (Kharkats, 1981 ) a relatively simple model of the distribution of cations over the interstices and the simplest law of the interaction of Frenkel defects in the system were used. The considered model of electric field induced stepwise disordering of the crystal sublattice allows also generalizations that take into account reconstruction of the rigid sublattice of a crystal occurring simultaneously with disordering. Fig. 3 . Temperature dependence of permittivity ε(T) for the TlGaTe2 crystals for the measurements performed (a) along the tetragonal axis and (b) perpendicular to it.
The results of the measurements of electrical conductivity of the TlGaTe2 crystals in relation to electric field strength E at different temperatures both along the tetragonal c axis and perpendicular to it are presented in Figs. 4a and 4b.
At relatively low fields, conductivity σ is nearly independent of the field, because in this range of the field strength, conductivity is determined by the electron component. As can be seen from Figs. 4a and 4b (E = 181 V/cm), stepwise change in conductivity is observed at the temperatures T = 267 K (along the tetragonal c axis) and T = 242 K (perpendicular to this axis). Upon the transition to the superionic state, conductivity of the TlGaTe2 crystal increases by a factor of 1500. Within our experiments the currents were measured up to 10 4 А (Е7-20 measures in area 10 mcOhms -1 GOhms -conductance); the measurement of the currents above 10 4 А was very difficult. The dashed sections of the graphs in Fig 4 a 
Terahertz Time-Domain Spectroscopy
Terahertz spectroscopy is a powerful technique for material studies over a wide range of frequency which extends from a few tens of gigahertz to a few terahertz. Using ultra short electromagnetic pulses, terahertz spectroscopy gives access to the complex refractive index of a wide variety of materials. For parameters extraction, the temporal profiles of the terahertz pulses are recorded twice, the first time without the sample to be characterized, and the second time with the sample. The recorded profiles correspond to the temporal dependence of the electric field associated with the terahertz pulses. Then, the ratio of their Fourier transforms gives the complex transmission coefficient of the sample as function of frequency. This system has been described in more detail elsewhere (Duvillaret et al., 1996) : a femtosecond Ti:Sa laser delivers optical pulses whose central wavelength is 800 nm at a repetition rate of 82 MHz.
Investigations in the far infrared region could give additional information on the physics of these nanofibrous crystals. We observed several absorption peaks in the THz transmission spectrum of TlGaTe2 (Fig. 5) . 
Te Ga
). For the sake of legibility, this curve has been multiplied by 100; dashed curve, ETHz perpendicular to the nanofibers.
Most of them could be attributed to the excitation of phonons (A2u and Bu) (Panich and Sardarly, 2010; Gasanly et al., 1980) . The absorption line at approximately 0.2 THz, seen only when the THz field is aligned along the nanofibers, occurs at a frequency lower than the lowest phonon one (A2u). Therefore, this frequency is probably related to the libration oscillation of the
3 Te Ga nanofibers. The infrared (ТHz) spectra of γ -irradiated samples were not measured within the reported studies, since in our opinion, γ -radiation will not render essential influence on a vibration spectrum; while the irradiation-induced defects, essentially influence on the conductivity and dielectric permeability. However we are planning to investigate the influence γ -irradiation on vibration spectra of this type of crystals.
3. Effects Induced by -irradiation
After preliminary measurements of the values of σ||(T) and σ⊥(T), the samples were subjected to irradiation with γ-ray photons from a standard Co 60 source. The radiation dose was increased gradually for each of studied samples by sequential exposures to the γray radiation to the dose as high as 250 Mrad.
The crystalline properties after the irradiation were not investigated, since the doses in order of 250 Mrad are not sufficient for changing the crystal structure. However this range of radiation doses may the defects, which are capable to change a power spectrum of a crystal, to have an influence on the character of the electrical conductivity and many other physical properties. Within the reported project we have studied the influence of -irradiation only on the temperature dependence of the electrical conductivity.
Conductivity of samples was measured in 4 hour after they were radiated. It is worth noting that the values of σ||(T) and σ⊥(T) were measured after each exposure to radiation. The measurement geometry described above, was used for the conductivity -irradiated samples as well. The conductivity was measured in the temperature range 90 -300 K. Temperature dependences of electrical conductivity σ||(T) and σ⊥(T) of initial TlGaTe2 samples (curves 1) and the samples subjected to γ-ray irradiation (curves 2-5) are shown in Figs. 6 and 7. Experimental results show that, as a result of irradiation with γ-ray photons, impurity energy levels caused by radiation defects appear in the band gap. Thermal occupation of these levels occurs at a temperature lower than that of unirradiated crystal; i.e., the temperature range of existence of thermally activated conductivity is widened. It is also characteristic of this temperature range that, in this range, temperature related occupation of the trap centres occurs; as a result, localized charged impurities become neutral. As the radiation dose is increased to 100 Mrad, the conductivity decreases and remains constant in the dose range 100-200 Mrad; further increase in the radiation dose brings about an increase in the conductivity (curve 4 in Fig. 6 and curve 5 in Fig. 7) . Charged defects appearing as a result of irradiation with γ-ray photons play the dominant role in these processes. Such a type of conductivity can be accounted for if we take into account that the doses higher than 150-200 Mrad for these crystals apparently represent only slight ionizing radiation and act as an activating factor for such processes as migration of defects caused by interchain disorder and transition of metastable states to stable states; i.e., radiationstimulated healing of structural defects is observed and leads to an increase in electrical conductivity of the crystal. Based on the experimental results, we calculated values of the density of localized states, the activation energy, hop lengths, differences between the energy states near the Fermi level, and concentrations of deep traps at various doses of radiation; the Mott approximation was used in calculations . A sharp increase in the hop lengths for charge carriers is observed only in the case of measurements perpendicular to the chains (σ⊥); after irradiation with a dose of 150 Mrad, the hop length was 112 Å. At this dose and at this geometry of the experiment, calculations show that the concentration of the density of localized states is at a minimum (2.97 × 10 18 eV -1 cm -3 ). Thus, at doses no higher than 150 Mrad for σ⊥, we observe healing of the defects caused by chain-related 1D disorder (i.e., radiation annealing leading to translational ordering of the Ga-Te2-Ga-Te2 chains occurs); at higher doses of radiation, specifically radiation (point) defects emerge.
For the region of an abrupt increase in current in the I-V characteristic of a TlGaTe2 crystal, Fig. 8 shows calculated dependences of electrical conductivity on electric field at temperatures 90 and 300 K. Fig. 8 . Dependences of electrical conductivity in TlGaTe2 crystals on electric-field strength: lines 1 and 3 correspond to σ||, while lines 2 and 4 correspond to σ⊥. The measurements were performed at T = 200 K. Dependences 1 and 2 were obtained before irradiation, while dependences 3 and 4 were obtained after irradiation of the crystals with a dose of 250 Mrad.
According to Pool and Frenkel (Frenkel, 1975) , exponential increase in the field dependence of conductivity can be represented as
where  is the Frenkel coefficient,  is the relative permittivity of the crystal, and k is the Boltzmann constant.
We used the slope of these straight lines to determine the values of β the temperature dependence of which illustrates the linearity of the dependences β ∝ 10 3 /T and extrapolation of the latter dependences, which converges to the origin of coordinates (Fig. 9) . It is known that the value of the electric field corresponding to the onset of nonlinear dependence σ(E) provides information on the concentration of defects responsible for thermofield ionization and conductivity in crystals (Hill, 1971) . Taking into account the expression,
and knowing the values of the lowest electric field Ec at which the nonlinear dependence of σ on E1/2 sets in, we can estimate the concentration of ionized centres Nf in TlGaTe2.
It is of importance to determine the shape of the potential well since, once this shape is known, one can determine the spatial distribution of the charge (ρ) in the vicinity of the centre (taking into account the Poisson equation). The function (x) represents the potential energy dependent on the distance to an impurity centre or a trap (x is the distance along the direction of the applied field) and varies under the effect of an electric field (Hanias, 1993) . It follows from the results published in (Hill, 1971 and Volkov, 1972) 
We used these formulae and experimental data to determine the shapes of potential wells in TlGaTe2 (Fig. 10) ; this made it possible to estimate the parameters of the centres capturing the charge carriers. Indeed, for an electron to leave the centre, the condition εe > U -ΔU (Volkov 1972) should be satisfied; here, εe is the energy of an electron, U is the depth of the level at which the electron is localized, and ΔU is the value of lowering of the potential barrier. It is necessary that an electron retain its energy until the moment it passes the saddle point and not lose its energy in thermal collisions. This takes place only in the cases in which the free path length of an electron exceeds the effective size of the potential well. In this situation, the free path length of charge carriers is defined by the following formula (Volkov 1972 and Niftiev, 2003) : Fig. 10 . The shape of potential wells related to electron traps in TlGaTe2 (curves 1 and 3 correspond to σ|| and curves 2 and 4 correspond to σ⊥). The measurements were performed at T = 200 K. Curves 1 and 2 were obtained before irradiation, while curves 3 and 4 were obtained after irradiation of the crystals with a dose of 250
Mrad.
In Table 1 , we list the calculated values of the concentration of ionized centres Nf and free path lengths  of charge carriers; the calculations were performed in the context of the Pool-Frenkel approximation (Frenkel, 1975) . As can be seen from Table 1 Thus, we may state that irradiation with a dose of 250 Mrad brings about some ordering of nanochains (nanoneedles) and, as a consequence, an increase in the freepath length of charge carriers is observed in the nonlinear region of the I-V characteristic. It is noteworthy that the shape of potential wells is not changed. Previously it was shown that the length of hops of the charge carriers in the initial ear region of the I-V characteristic, as calculated in the Mott approximation for the samples irradiated with a dose of 250 Mrad, is practically not varied as compared with unirradiated samples .
In the presented work the influence of γ-irradiation on the electrical conductivity has been studied at the temperatures, which are below the temperature region, where the superionic condition was observed. The study of the influence of γ-irradiations on a superionic condition will be a goal of our future investigations.
Conclusion
The results obtained show that, at temperatures below 300 K, the electron component of conductivity is dominant With further increase in temperature (above 300 K), stepwise growth of conductivity is observed, which is attributed to the growth of the ionic component caused by disordering in the Tl + cation sublattice. In the mentioned temperature range, ionic conductivity already starts prevailing over electron one. Experimental investigations of electrical conductivity of the TlGaTe2 crystals as a function of the strength of the applied electric field points out that, at a certain value of the critical electric field (E =181 V/cm), stepwise disordering of the Tl + ionic sublattice accompanied by stepwise variation in the conductivity may occur.
The superionic behaviour of the conductivity is clearly observed over the phase transition temperature. Moreover, our original records of the THz transmission spectra of TlGaTe2 reveal features that may be attributed to the librations of the nanofibers. This explanation merits definitive proofs, for which we are presently performing additional works.
It is noteworthy that the described effect of the fieldinduced stepwise disordering makes it possible to implement the superionic state of the TlGaTe2 crystal under fairly convenient conditions, which opens interesting opportunities for its application as varistors. The detailed analysis of varistor effect in semiconductors is given in (Pavlov, 1997) .
For TlGaTe2 crystals, we calculated the values of the density of localized states, the activation energy, the hop lengths, the difference between the energy states in the vicinity of the Fermi level, and the concentrations of deep traps at various doses of γ-ray irradiation. It is established that irradiation with a dose as high as 250 Mrad affects only slightly the parameters that characterize the hopping type of conductivity in the linear portion of the I-V characteristic. The analysis of the dependence σ ∝ E 1/2 with the thermofield Pool-Frenkel effect taken into account shows that the current in the nonlinear portion is caused by a small-magnitude field effect in the course of measurements in the case of both parallel and perpendicular directions with respect to the tetragonal crystallographic axis of TlGaTe2. We also determined the values of the concentration of ionized centres, the free-path length λ, and the shape of the potential well in unirradiated TlGaTe2 crystals and the crystals irradiated with a dose of 250 Mrad.
As it was stated above, the irradiation with a dose of 250 Mrad brings about some ordering of nanochains (nanoneedles) and, as a consequence, an increase in the freepath length of charge carriers is observed in the nonlinear region of the I-V characteristic. In our opinion, the possibility of re-ordering the nanochains in TlGaTe2 crystals under the γ-ray irradiation opens new prospective for designing the nano-size varistors with controlled parameters.
